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1 . I N T R O D U C T I O N

^ P O N T A N E O U S t r a n s f o r m a t i o n s o f c h e m i c a l e l e -

m e n t s h a v e b e e n s t u d i e d i n t e n s a n d e v e n h u n d r e d s of

e x a m p l e s f o r e a c h o f t h r e e t y p e s o f d i s i n t e g r a t i o n :

a d e c a y , /3 d e c a y ((S~ d e c a y , B+ d e c a y , a n d o r b i t a l

e l e c t r o n c a p t u r e ) , a n d s p o n t a n e o u s f i s s i o n . R u t h e r f o r d

a l s o s u g g e s t e d t h e p o s s i b i l i t y of s p o n t a n e o u s t r a n s -

f o r m a t i o n s i n v o l v i n g p r o t o n e m i s s i o n . B . S . D z h e l e p o v

m a d e t h e f i r s t d e t a i l e d a n a l y s i s of t h e p r o b l e m o f

p r o t o n r a d i o a c t i v i t y a n d c o n s i d e r e d t h e p r o s p e c t o f i t s

d e t e c t i o n i n 1 9 5 1 . ^ H o w e v e r , e v e n p r o t o n r a d i o a c t i v -

i t y d o e s n o t e x h a u s t a l l t h e c o n c e i v a b l e f o r m s o f

s p o n t a n e o u s t r a n s f o r m a t i o n s o f t h e e l e m e n t s . P r o t o n

p a i r i n g i n n u c l e i l e a d s t o a f i f t h p o s s i b l e t y p e o f

t r a n s f o r m a t i o n — t w o - p r o t o n r a d i o a c t i v i t y , w h i c h w i l l

b e d i s c u s s e d i n t h e p r e s e n t a r t i c l e .

L e t B n , j b e t h e a t t a c h m e n t e n e r g y o f a n a d d i -
octa-p д

t i o n a l odd p r o t o n t o a n u c l e u s z = 2 m M N * i n o t n e r w o r d s ,

Ц5,/"«if MeV

the proton binding energy in a nucleus Z = 2 m + 1 M N
Because of the energy gained through proton pair ing
the at tachment energy of an additional even proton
B e v e n _ p (i.e., the proton binding energy in a nucleus

z = 2 m + 2 M N + 2 ) u s u a l l y exceeds B o d d _ p despite the
opposing growth of Coulomb repuls ion energy. Neglect-
ing this change of the Coulomb energy, we shall define
the proton pair ing energy E p a i r a s the difference

•Beven-p(2m+2)—S 0 dd-p(2m+l)=-B pair > 0

( o r d i n a r i l y E p a i r « 2 M e V ) .

T h e b i n d i n g e n e r g y o f t w o p r o t o n s i n Z = 2 m + 2 ^ N

i s o b v i o u s l y B 2 p = B e v e n _ p + B o d d _ p = 2 B e v e n _ p

"" E p a i r = 2 B o d d - p + E p a i r - T h e r e f o r e , w h e n B o d d _ p

< 0, i . e . , B e v e n _ p < E p a j r , a p a i r o f p r o t o n s i s m o r e

e a s i l y d e t a c h e d f r o m a n e v e n - Z n u c l e u s t h a n o n l y a

s i n g l e " e v e n " p r o t o n . I f B e v e n _ p < l / 2 E p a j r ( i n o t h e r

w o r d s , t h e d e c a y e n e r g y of a n o d d - Z n u c l e u s Q o d d - p

= ~ B o d d _ p > l / 2 E p a ^ r ) , a n e v e n - Z n u c l e u s b e c o m e s

e n e r g e t i c a l l y u n s t a b l e w i t h r e s p e c t t o t h e s i m u l -

t a n e o u s e m i s s i o n o f t w o p r o t o n s . T h e t w o - p r o t o n

d e c a y e n e r g y i s Q,2p = ~ E * 2 p > 0> w h e r e a s t h e b i n d i n g

e n e r g y o f a s i n g l e " e v e n " p r o t o n c a n s t i l l r e m a i n

p o s i t i v e : 0 < B e v e n _ p < l / 2 E p a i r .

I n 1 9 5 7 i t w a s d e m o n s t r a t e d f o r t h e f i r s t t i m e t h a t

a c e r t a i n n u c l e u s d o e s n o t e x i s t b e c a u s e of t w o - p r o t o n

i n s t a b i l i t y ; ' - 2 - ' o t h e r a u t h o r s c o n t i n u e d t h e s t u d y . ' - 3 - '

T h e n u c l e u s i n q u e s t i o n i s B e 6 , w h o s e d e c a y s c h e m e

О

FIG. 1. Decay scheme of Be 6 (Г < 150 keV).

b a s e d on t h e d a t a c o m p i l a t i o n in'-4-' i s s h o w n in F i g . 1.

H e r e B e v e n _ p (Be 6 ) = 0.57 M e V a n d Q o d d _ p (Li 5 )

= - B o d d _ p = 1.97 M e V , i . e . , Q 2 p (Be 6 ) = 1.4 M e V a n d
E p a i r = 2 - 5 4 M e V . T h e B e 6 l i f e t i m e a g a i n s t t h e d e c a y

Be 6 — He 4 + 2p is т ~ 4 x 1O~21 s e c ; this is a lmost two

o r d e r s of magnitude g r e a t e r than the c h a r a c t e r i s t i c

nuc lear t ime (~ 1(T22 sec), which is of the o r d e r of

the nucleonic per iod of revolution within a nucleus and

is about 10 t i m e s g r e a t e r than the mean lifetime of

Li 6 (T » 4 x 1O~22 sec), which decays into a proton and

a p a r t i c l e . Be 6 is apparently not the only example of

a nonexisting nucleus because of 2p instability (the

" i n s t a n t a n e o u s " breakdown of a two-proton-unstable

sys tem). Thus, after analyzing the exis tence l imits

of neutron-deficient isotopes of light e lements , Ya. B.

Zel'dovich'-5-' expressed doubts r e g a r d i n g the ex i s-

tence of t h r e e m o r e even-Z nuclei—О , Ne , and
Mg 1 9 —because of the i r poss ible two-proton instability.
The exper iments of Vlasov et al . and the predict ions
of Zel'dovich did not touch upon the possibi l i ty that
two-proton radioactivity can occur and there fore did
not consider the p r o p e r t i e s of this type of radioact ive
decay. They were concerned only with the question
whether a few light nuclei " e x i s t or do not e x i s t , "
depending upon whether the binding energy of a proton
pai r in these nuclei is posit ive or negative. For Be 6

nonexistence was proved exper imental ly; in the c a s e s
of O 1 2 , Ne 1 G, and Mg 1 9 the possibi l i ty of the s a m e
answer was suggested, i.e., the possibi l i ty that these
nuclides a r e unstable with r e s p e c t to the s imultaneous
emiss ion of two p r o t o n s .

It is c lear , however, that energet ic instability is
only a necessary , but not a sufficient, condition for
radioactive decay. This instability is in itself not
equivalent to radioactivi ty.

770
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Many dozens of heavy-element isotopes a r e e n e r -
getically unstable with r e s p e c t to a decay and spon-
taneous fission, yet a r e among the stable nuclei . On
the other hand, we know many examples (especially
among light nuclei) where the lifetime of an e n e r g e t i -
cally unstable system is so short that we a r e not con-
cerned with the existence of a given radioact ive
isotope, but r a t h e r with the metas tab le s ta tes of a
system having a given number of nucleons and a given
isotopic spin. These examples include not only Li 5

and Be6, but a lso Be 9 (known s ince 1 9 5 1 t 6 ] ) , which is
unstable with r e s p e c t to the emiss ion of a strongly
s u b - b a r r i e r proton from the ground state
(Г < 750 ev'-7-') but is not, of c o u r s e , considered
radioact ive although its l ifetime is a lmost four o r d e r s
of magnitude g r e a t e r than the c h a r a c t e r i s t i c nuclear
t ime. The classif ication of different unstable nuclear
s ta tes has recent ly been reviewed in Usp. F iz . Nauk.
by A. I. Baz', Ya. B. Zel'dovich, and the p r e s e n t au-
thor ; ^ therefore this subject will not be considered
h e r e in g r e a t e r detai l . It may be mentioned, however,
that in o r d e r to avoid confusing spontaneous and in-
duced nuclear t rans format ions , radioactivity, and the
decay of compound nuclei in nuclear react ions , we
customar i ly l imit the concept of radioact ive decay to
the experimental ly m e a s u r a b l e t i m e s т > 10~12—10"10

s e c . Dzhelepov kept this convention in mind in going
from the obvious consequence of neutron deficiency,
i.e., proton instability, to a specific analysis of the
existence and p r o p e r t i e s of proton radioactivity. ^

In the c a s e of two-proton decay the t rans i t ion from
hypotheses concerning nuclear instability to the con-
siderat ion of poss ible radioactivity is somewhat m o r e
complicated than for the relat ively t r iv ia l one-proton
decay. Two-proton radioactivity is a three-body p r o b -
lem with three two-body Coulomb interact ions or, if
the p-p Coulomb interact ion is neglected, it is a p r o b -
lem concerning the s imultaneous passage of two
protons through the potential b a r r i e r surrounding a
nucleus . How is this passage affected by energy ex-
change between the protons and by pai r ing or d e p a i r -
ing under the potential b a r r i e r ? How, as a resu l t , is
the 2p-decay energy re la ted to the lifetime of two-
proton-unstable nucle i? Only by answering these
questions can we r e a c h any definite conclusions r e -
garding the possibil i ty that two-proton radioactivity
exists , or about such a very important c h a r a c t e r i s t i c
as the energy corre la t ion of the p r o t o n s .

These questions were answered inL 9 i l °J . After
comparing pair ing energies with the r a t e of diproton
tunneling as a whole or that of two independent protons,
it was c o n c l u d e d ^ that " for even-Z isotopes insta-
bility with r e s p e c t to the s imultaneous emiss ion of
two protons can occur even when the binding energy
of a single proton is positive, as in Be 6, for example.
In the p r e s e n c e of a Coulomb b a r r i e r this instability
can lead to two-proton radioactivi ty in isotopes that
a r e stable against both proton and a d e c a y . "

^[9,10] a n ( j j n £ n e review article'-11^ very s imple
re la t ions based on isotopic invariance were derived,
which enabled very accura te predic t ions of all basic
p rope r t i e s exhibited by neutron-deficient isotopes of
light e lements . These re la t ions , which we shall con-
s ider again in the p resen t review, were used to inves -
tigate a few specific examples of possible 2p - r ad io -
active nuclei . Subsequent articles'-12"14^ contain an
elementary theoret ical descript ion of the basic p r o p e r -
t ies inherent in the hypothetical new type of r a d i o a c -
tive decay when only a Coulomb b a r r i e r is p resen t .
The possible 2p-radioact ive nuclei with Z < 50 were
listed and the methods of producing them were ana l -
yzed. An improved theory of two-proton decay for
1 = 0 based on the theoret ical equations for a s u p e r -
fluid nucleus was developed in'-15-^. In'-16-' the influence
of a centrifugal b a r r i e r on 2p decay was examined,
while'-17-' d iscussed the p roper t i e s of 2p-radioact ive
nuclei heavier than tin which a r e unstable with r e spec t
to both one-proton decay and a decay. An exper imen-
tal sea rch for the new type of radioact ivi ty in Ne16

has been repor ted in .

When two-proton radioactivi ty is compared with
other physical phenomena, it is easy to observe a
very c lose analogy with electron tunneling between
superconducting and normal metals under the influence
of a potential difference exceeding the superconducting
gap width.

2. RATE OF TWO-PROTON DECAY

By applying the cus tomary formulas for tunneling
through a Coulomb b a r r i e r to the diproton as a single
par t ic le we a r r i v e at an express ion for the exponen-
tial t e rm C 2 p in the 2p-radioact ive decay constant

Л.2 = К2ре~2Сгр for a nucleus of charge Z and

m a s s A:

(1)

where m is the proton m a s s , and

2(Z — 2)

(Q2p will be denoted henceforth s imply by Q).
We now ask how this constant is changed for the

simultaneous independent emiss ion of two protons .
We can reasonably a s s u m e that in this case А„ „
* K p e " 2 C P i e " 2 C P 2 , with K p ~ 1O22 s e c 4 , and

CP=
*!_ [ . r e c o s y v . _ i , . / , ( i - y ) v . 1 ,

Coul P oul p = i T 7 MeV
— 1 /̂3

(2)

(the subscr ip t p will be dropped henceforth whenever
it would appear together with the designations " e v e n , "
" o d d , " or the n u m e r a l s 1 or 2).

We shall neglect the nuclear recoi l energy (thus
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t a k i n g t h e d e c a y e n e r g y Q a s e q u a l t o t h e e n e r g y E of

t h e e m i t t e d p r o t o n s ) , t h e p r o t o n m a s s a n d c h a r g e

c o m p a r e d w i t h t h e r e s i d u a l n u c l e u s , a n d t h e d i f f e r -

e n c e b e t w e e n t h e p r o t o n a n d d i p r o t o n s i z e s in t h e e x -

p r e s s i o n for U c o u j .

Let the proton energ ies be E t = Qj = Q( l + к)/2 and

E 2 = Q 2 = Q(l - K ) / 2 , respect ive ly .* Then y t + y2 = 2x,

w h e r e yl = x ( l + к), y 2 = x( l - к), and

Ze" Ym 2
% YQ

x farccos [x (1 -1-х)]1/»-!» (1+X)]1/» [1 -x (1+X)]1*

I ( l + x ) 1 / s

arccos[z(l — x)]1/*—[»(1—
-•)•

and for x « 1, i.e., in the most interesting cases,

2 I a H i W "

(3)

YQ (1-х)1/»

(4)

I t i s e a s i l y p r o v e d t h a t t h e s u m Ct + C 2 i s m i n i m a l ,

i . e . , d e c a y o c c u r s m o s t p r o b a b l y w h e n x = 0 w i t h e q u a l

e n e r g i e s of t h e t w o e m i t t e d p r o t o n s . >10-' We n o w h a v e

Cj = C 2 = C p = 1/2 C 2 p , s o t h a t

i + C2)mtn =

YQ

T h e r e f o r e , e x c e p t f o r t h e f a c t o r b e f o r e t h e e x -

p o n e n t i a l , t h e e m i s s i o n of a d i p r o t o n w i t h t h e e n e r g y

Q h a s t h e s a m e p r o b a b i l i t y a s t h e s i m u l t a n e o u s e m i s -

s i o n of t w o p r o t o n s i n d e p e n d e n t l y w i t h i d e n t i c a l e n e r -

g i e s Q / 2 . J a n e c k e ' - 1 4 ^ h a s p o i n t e d o u t t h a t w h e n a

d i p r o t o n h a s le f t a n u c l e u s t h e e f f e c t i v e d e c a y e n e r g y

i s r e d u c e d by t h e a m o u n t e 0 « 70 keV, w h i c h i s t h e

e n e r g y of t h e v i r t u a l n u c l e o n - n u c l e o n s i n g l e t l e v e l .

A s a r e s u l t of r e p l a c i n g Q w i t h Q — € 0 , in t h e c a s e of

a p u r e C o u l o m b b a r r i e r t h e p r o b a b i l i t y t h a t two p r o -

t o n s w i l l be e m i t t e d i n d e p e n d e n t l y i s h i g h e r t h a n fo r a

d i p r o t o n , i . e . , t h e d i p r o t o n b r e a k s a p a r t a t t h e i n s i d e

b o u n d a r y of t h e C o u l o m b b a r r i e r . A s we s h a l l s e e

s u b s e q u e n t l y , w h e n t h e C o u l o m b b a r r i e r i s a c c o m -

p a n i e d by a c e n t r i f u g a l b a r r i e r , d e p a i r i n g of t h e

e m i t t e d p r o t o n s t a k e s p l a c e u n d e r t h e b a r r i e r o r e v e n

a t i t s o u t s i d e b o u n d a r y . T h e r a t e of t w o - p r o t o n d e c a y

i s t h e n r e p r e s e n t e d by (1) w i t h Q - e 0 s u b s t i t u t e d

fo r Q .

T h e f o r e g o i n g t r e a t m e n t of t h e r a t e of r a d i o a c t i v e

d e c a y i n v o l v i n g t h e s i m u l t a n e o u s e m i s s i o n of two p r o -

t o n s i s , of c o u r s e , on ly a f i r s t a p p r o x i m a t i o n , wh ich

h a s b e e n found to b e q u i t e a c c u r a t e . C e r t a i n l y , s e v e r a l

p a r t i c l e s p a r t i c i p a t e in t h e p r o c e s s , w h i c h p r e s e n t s a

p r o b l e m h a v i n g a m i n i m u m of t h r e e i n t e r a c t i n g b o d i e s .

*h[ '" l 3 l we used the notation E, = (Q/2) + ( K Q 2 ) and
E2 = (Q/2) - KQ. However, the relations E, = Q(l + к)/2 and
E 2 = Q(l —K)/2 are more intuitively clear. We must remember that
к is here twice as large as in the earlier articles.

A m o r e c o n s i s t e n t t h e o r y o f t w o - p r o t o n r a d i o a c -

t i v i t y i n t h e c a s e o f p r o t o n e m i s s i o n w i t h z e r o o r b i t a l

a n g u l a r m o m e n t u m h a s b e e n g i v e n b y G a l i t s k i i a n d

C h e l ' t s o v i n 1 - 1 ^ . T h e p r o b l e m w a s b a s e d t h e r e o n i t s

f o r m a l s i m i l a r i t y t o n u c l e o n p a i r i n g i n a s p h e r i c a l l y

s y m m e t r i c n u c l e u s , f o r w h i c h a s o l u t i o n h a s b e e n o b -

t a i n e d s e v e r a l t i m e s i n c o n n e c t i o n w i t h t h e s u p e r -

f l u i d i t y o f n u c l e a r m a t t e r .

T h e a u t h o r s of '- 1 5 -' u s e d t h e f o l l o w i n g m o d e l . C o n -

s i d e r a p o t e n t i a l w i t h a C o u l o m b b a r r i e r ( F i g . 2 ) ,

w i t h i n w h i c h a p r o t o n i s i n a q u a s i - s t a t i o n a r y s t a t e

w i t h t h e p r o t o n d e c a y e n e r g y Q o d d a n < ^ t h e w i d t h y .

N o w p l a c e a n o t h e r p r o t o n o n t h e s a m e l e v e l . B e c a u s e

o f t h e p r o t o n - p r o t o n i n t e r a c t i o n U ( l , 2 ) t h e t o t a l d e c a y

e n e r g y w i l l n o t b e 2 Q o d d , b u t Q = 2 Q o d d ~ E p a i r - tt i s

c l e a r f r o m t h e f o r e g o i n g d i s c u s s i o n t h a t f o r n u c l e i

t h a t a r e s t a b l e a g a i n s t t h e e m i s s i o n o f a s i n g l e ( o d d )

p r o t o n b u t a r e u n s t a b l e w i t h r e s p e c t t o t w o - p r o t o n

d e c a y w e h a v e l / 2 E p a j r > B e v e n > 0 ( i n o t h e r w o r d s ,

2 Q o d d > E p a i r > Q o d d ) - T n e p r o t o n p a i r i s i n a q u a s i -

s t a t i o n a r y s t a t e w i t h t h e t w o - p r o t o n d e c a y e n e r g y Q

and width Г. One proton alone cannot escape from

this level, because even if it should leave the nucleus

with zero energy it would not leave behind for its

" p a r t n e r " sufficient energy to occupy the only avai la-

ble level of energy Q odd-

The complete Schrbdinger equation is H(l, 2)Ф(1, 2)

= ЕФ(1, 2), where H(l, 2) = H 0(l) + Ho(2) + U(l, 2), and

H0(i) is the Hamiltonian of each proton (i = 1,2). The

two-proton function Ф(1, 2) is decomposed into the

single-proton radia l functions R e ( r ) i

С(е„ E2)Rtl(ri)Re2(r2)dBide2, (6)

w h e r e £2(1, 2) i s t h e a n g u l a r p a r t of t he w a v e func t ion .

T h i s l e a d s t o t h e c u s t o m a r y e q u a t i o n in t he t h e o r y of

FIG. 2. Level scheme for one-proton and two-proton decays.
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a s u p e r f l u i d n u c l e u s :

( e 4 + E 2 ) С ( 6 l 8 2 ) - E p a i r

1, е2), (7)

w h e r e

and the constant E i r is obtained from the proton
interaction energy averaged over the angle variables

82|г7(1, (8)

Solving (7) in the cus tomary manner , Galitskii and
C h e l ' t s o v [ 1 5 ] obtained the total energy E = Q - iF of
the sys tem, where

16
Ze*

(9)

у (Q/2) is the width for one-proton decay with the
energy Q/2 and v is the proton velocity at this energy.

The exponential factor derived i n t l 5 ] by this m o r e
exact p r o c e d u r e obviously a g r e e s with our r e s u l t s
in'-9 '1 0-'. The pre-exponentia l factor, which was f i rs t
calculated in^ 1 5 ^, is

2Г
ft

т НУ

я V 6 E

where К = 2y/fi » Ю 2 2 sec" 1

Q and E p a j r expressed in t e r m s of MeV we have

(Ю)
pair
, so that for Z = 20 with

:102

sec -l

with Q ~ 1 MeV and E,p a i r • 2 M e V .

As already mentioned, all the foregoing expres-
sions were derived neglecting the possible role of a
centrifugal barrier. It was shown in'-16-' that an essen-
tial change occurs when a centrifugal barrier is
present, as, for example, in the case of the decay
Ge58 —- 2p + Zn56, when protons are emitted from the
f shell. When the initial nucleus decays and the final
nucleus is formed in its ground state the paired di-
proton is here emitted as an s wave, the centrifugal
barrier being absent. When two protons are emitted
separately, each having the same orbital angular
momentum, the Coulomb barrier is accompanied by a
centrifugal barrier.

Which has the greater probability—the emission of
two protons, each having an energy Q/2 (so that the
total energy is Q) and slowed down further by a centri-
fugal barrier, or the emission of a paired diproton
subject only to a Coulomb barrier and having the en-
ergy Q — e0? In the general case the exponential term
of the decay constant is now

e x p { " Г

+ 2

dr

w h e r e r 0 i s t h e c o o r d i n a t e o f e f f e c t i v e d i p r o t o n d e -

p a i r i n g u n d e r t h e p o t e n t i a l b a r r i e r a n d R m a x i s t h e

c o o r d i n a t e o f t h e o u t s i d e b a r r i e r e d g e f o r a g i v e n E .

I n t r o d u c i n g t h e n o t a t i o n

w e o b t a i n

" m
Сои1

which is an approximation that holds for c e n ( r

« R2 [i.e., for Z2 » 5/ (I + 1 )Q MeV in practically
Oou.1

all real cases].
It is easily shown that the minimum of the sum of

the two integrals in (10), i.e., the most probable decay
mode, is associated with

У тг0

(12)

F o r r 0 < R m a x d e p a i r i n g of t h e d i p r o t o n o c c u r s u n d e r

t h e b a r r i e r , a t a d i s t a n c e g r e a t l y e x c e e d i n g n o t o n l y

t h e n u c l e a r r a d i u s R but a l s o t h e a m p l i t u d e of s i n g l e t

n u c l e o n - n u c l e o n s c a t t e r i n g o r t h e e f f e c t i v e s i z e of a

" f r e e " d i p r o t o n , K/Vme 0 ~ 2 .3 x 10~1 2 c m . F o r

r 0 > R m a x t h e p r o t o n p a i r p r o c e e d s a s a u n i t t h r o u g h

t h e b a r r i e r .

T h e p a i r i n g of t h e n u c l e a r p a r t i c l e s t h e r e f o r e l e a d s

t o two e f f e c t s in t h e p r e s e n c e of a c e n t r i f u g a l b a r r i e r :

1) e n h a n c e d b a r r i e r p e n e t r a t i o n c o m p a r e d w i t h t h e

p a s s a g e of t w o i n d e p e n d e n t p a r t i c l e s , a n d 2) " r e -

s t r a i n i n g " b y t h e b a r r i e r of t h e v i r t u a l s i n g l e t s t a t e

of t h e n u c l e o n p a i r a t q u i t e l a r g e d i s t a n c e s (to a l m o s t

1 0 " 1 1 c m ) w i t h t h e c o n s e q u e n t e n h a n c i n g of t h e a n g u l a r

c o r r e l a t i o n of t h e p a r t i c l e s .

T h e b a s i c f o r m u l a s f o r t h e p e n e t r a t i o n of m i x e d

C o u l o m b a n d c e n t r i f u g a l b a r r i e r s a r e g i v e n in '- 1 9 ^ in

a c c o r d a n c e w i t h t h e n u m e r i c a l d a t a t a b u l a t e d i n ^ 2 0 ^ .

We s h a l l c o n f i n e o u r s e l v e s h e r e t o a s i n g l e n u m e r i c a l

e x a m p l e , t h e a l r e a d y m e n t i o n e d h y p o t h e t i c a l t w o - p r o t o n

d e c a y of G e 5 8 , for w h i c h Q = 1.1 M e V C l 0 ] a n d 1 = 3. In

t h i s c a s e R = R + R G e ~ 6.8 x 1 0 " 1 3 c m , R c o t d ~ 7.8

x 10"1 2 cm, Rcentr ~ 2.1 x Ю"1 2 cm, R m a x ~ 8.4
x l(T 1 2 cm, and r 0 ~ 8 x Ю"1 2 c m . Thus the depair ing
occurs under the potential b a r r i e r , c lose to its outside
edge.

In the absence of a centrifugal b a r r i e r depair ing
would occur at the inside edge of the Coulomb b a r r i e r
and the exponential decay-hindrance factor would be
~ 1O~22 in the p r e s e n t c a s e . For the emiss ion of two
s e p a r a t e protons with 1 = 3 and the most probable en-
ergy Ej = E 2 = 0.55 MeV the combined effect of the
Coulomb and centrifugal b a r r i e r s would h e r e change
the hindrance factor to 1O"34, thus making 2p decay
entire ly unobservable against the background of
" s u p e r a l l o w e d " /3+ decay (the expected lifetime of
G e 5 8 i s ~ 0.1 sec) . However, pa i r ing leads to an ex-
t r e m e l y s t rong effect; the centrifugal b a r r i e r now
r e d u c e s the decay r a t e by only one o r d e r of magnitude
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r a t h e r than by twelve o r d e r s as in the c a s e of unpaired
p r o t o n s . The probabil i ty of 2p decay of G e 5 8 with the
aforementioned value of Q is of the o r d e r 1%, i .e., the
decay r e m a i n s ent ire ly observable . Therefore a c e n t r i -
fugal b a r r i e r should affect the 2p decay r a t e to an ex-
t r e m e l y s m a l l e r degree than the r a t e of " o r d i n a r y "
one-proton decay.

The s h a r p r i s e , caused by pair ing, of potential
b a r r i e r penetrat ion to two-part ic le tunneling should
also lead to re lat ively large c r o s s sect ions for the
t rans fer of two neutrons or two protons in the nuclear
reac t ions of heavy ions. The probabil i ty of nucleon-
pa i r t r a n s f e r with the " q u e n c h i n g " of the centrifugal
b a r r i e r can be very c lose to the probabil i ty of one-
proton t r a n s f e r through a potential b a r r i e r that is
heightened by orbital angular momentum. We have
al ready compared two-proton radioactivi ty with e l e c -
tron tunneling from a superconductor to a n o r m a l
m e t a l . Continuing this analogy, the tunneling of a
nucleon pair from one nucleus to another in react ions
between heavy ions could be called the " n u c l e a r
Josephson effect."'-2 1-'*

3. ENERGY AND ANGULAR CORRELATION OF

PROTONS IN TWO-PROTON DECAY

We have considered the energy corre la t ion of p r o -
tons in 2p decay, 9 '1 0-' in a review a r t i c l e , 11-' and
m o r e thoroughly in^ 1 2 ' 1 3-'. This cor re la t ion should be
the d i r e c t consequence of proton tunneling through a
Coulomb b a r r i e r . As we have seen, its highest p r o b a -
bility occurs when the decay energy is divided equally
between the two p r o t o n s .

When the proton energy is reduced by an amount
6E the probabil i ty Wb(E) of pas sage through the b a r -
r i e r penetrat ion always i n c r e a s e s by a g r e a t e r amount
than i ts i n c r e a s e accompanying the s a m e enhancement
(6E) of proton energy:

Wb(E) Wb(E + 6E)
Wb(E — 6E)-> Wb{E) '

or (Wb(E))2 > W b (E - 6E)W b (E + 6E). We shall confine
ourse lves to the s i m p l e s t and c l e a r e s t case , which is
the strongly s u b - b a r r i e r c a s e where not only x « 1,
but a lso Vx « 7r/4. Then in (5) we can neglect the
t e r m 2x4^2 in the s q u a r e b r a c k e t s and a s s u m e

= zn

m[i2,i3] w e n a v e considered the two-proton energy
correlation for the general case where C 2 p and C p are
represented by .(1) and (2). However, it is important
that the basic result obtained in the employed approxi-
mation and discussed below (the Gaussian distribution

*The Josephson effect is the tunneling of Cooper pairs from
one superconductor to another through a potential barrier. This
tunneling of pairs is characterized by high probability that is
fully commensurable with the probability of tunneling by single
electrons.

of proton energy around the most probable value Q/2),
holds t r u e even in the aforementioned genera l c a s e .

Thus, for a p u r e Coulomb b a r r i e r , when diproton
depair ing takes place immediately at the nuclear
boundary, the product of the two exponentials of
b a r r i e r penetrabi l i ty when the two protons have equal
energ ies Q/2 is

{ 2 f ^ } W2p, (13)

which is the same as the exponential for a diproton
with the energy Q.

When one proton has the energy Q(l + к)/2 and the
other has Q(l — к)/2, the product of the two exponen-
t ia ls is

W (0) exp { -

•+-

2ft у Q

Yi+к / l —x

= W (0) e-»«2 (14)

(the las t re la t ion r e s u l t s from the additional approxi-
mation к « 1). We thus have a very s imple Gaussian
express ion in which the coefficient a = Sir Ze2Vrn/2KvQ
c h a r a c t e r i z e s the degree of proton-energy c o r r e l a -
tion for the b a r r i e r . The half-width of the proton en-
ergy distr ibution is then

Уг (15)

G a l i t s k i i a n d C h e l ' t s o v ' - 1 5 - ' a l s o o b t a i n e d t h e p r o t o n
e n e r g y d i s t r i b u t i o n in 2p d e c a y f o r a p u r e C o u l o m b
b a r r i e r by s o l v i n g t h e n o n s t a t i o n a r y S c h r o d i n g e r
e q u a t i o n . T h e e x a c t s o l u t i o n f o r t h e d i s t r i b u t i o n f u n c -
t i o n dW/dK i s [ l s ]

W { 0 ) m (_
Q J2h

w h i c h a g r e e s w i t h t h e a p p r o x i m a t i o n s in'- 9 " 1 3 -' f o r t h e
m a g n i t u d e of t h e e x p o n e n t i a l f a c t o r .

I t s h o u l d b e n o t e d t h a t t h e f o r m of t h e p r o t o n - e n -
e r g y c o r r e l a t i o n s h o u l d be e x t r e m e l y s e n s i t i v e t o t h e
f o r m of t h e C o u l o m b b a r r i e r . A d i f fuse e d g e of t h e
p o t e n t i a l w e l l , o r t h e p o s s i b i l i t y of e n e r g y e x c h a n g e
b e t w e e n t h e t w o p r o t o n s w h e n o n e of t h e m i s i n s i d e
a n d t h e o t h e r o u t s i d e t h e n u c l e u s i n t h e c a s e of a
C o u l o m b b a r r i e r ( r e p r e s e n t e d by t h e " t a i l " of t h e
w a v e f u n c t i o n ) , l e a d s t o e n h a n c e d b a r r i e r p e n e t r a t i o n ,
i . e . , t o a r e d u c t i o n of t h e c o r r e l a t i o n c o e f f i c i e n t a
f r o m i t s m a x i m u m v a l u e , w h i c h in t h e g e n e r a l c a s e i s

hYQ
^ \ Затесов** + (
Q 1

(17)

The c h a r a c t e r of the corre la t ion also v a r i e s great ly
when the Coulomb b a r r i e r is accompanied by a c e n t r i -
fugal b a r r i e r affecting s e p a r a t e protons but not affect-
ing a proton p a i r . In this c a s e the two protons t r a v e r s e
a considerable fraction or their ent i re s u b - b a r r i e r
path in the pa i red form, and the diproton b r e a k s apart ,
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yielding the energy e0 ~ 70 keV of the nucleon-nucleonvirtual iS0 level, at a distance r0 ~ 2.3VZ(Z + 1)x 10~12 cm from the center of the nucleus or at theoutside edge of the barrier. The energy spread of thetwo protons is then given by the difference between thetwo quantities
f -уц. у,

so that the half-width of the energy distribution is
AE = -i (£m a x - £m l n) = V~4Q • (18)

It is in te res t ing that in some instances the addition of
a centrifugal b a r r i e r to the Coulomb b a r r i e r weakens
the energy cor re la t ion ; thus, in the foregoing case of
Ge58 we obtain ДЕ ~ 0.27 MeV instead of ДЕ
» 0.17 MeV for a p u r e Coulomb b a r r i e r . Then the
re la t ive width of the energy distr ibution, AE/(Q/2),
will d e c r e a s e as Q'1^2 with increas ing 2p decay energy
for a mixed b a r r i e r , but will i n c r e a s e as Q 1 ' 4 for a
p u r e Coulomb b a r r i e r .

The c h a r a c t e r of the angular cor re la t ion between
the two protons emitted in 2p decay was investigated

i n [i2,i3] U S j n g a method developed by A. B. Migdal'-22-1

for nuclear reac t ions accompanied by the formation of
a pa i r of slow nucleons. If we begin by neglecting the
Coulomb interact ion between the emitted protons, our
problem becomes s i m i l a r to the formation of neutron
p a i r s that was considered by Migdal. In this case we
have

l - e r f V а(го + у)
exp {т (19)

where *? is the lab-system angle between the two e m i t -
ted proton d i rect ions , du = 2ж sin 1? di?, у = Q^2/4, and
a = ( 4 / 3 ) a/(Q +yf/2; a is given through (14). The
difference from Migdal 's formulas for two neutrons ,
caused by taking into account the passage of the e m i t -
ted protons through the Coulomb b a r r i e r of a r a d i o -
active nucleus, ordinar i ly reduces to smal l c o r r e c -

t ions; the exponential factor is a lso c lose to unity
because, for example, when Z = 20 and Q = 1 MeV we
have a » 20 and %a e / Q ~ 0.7. Consequently, the
distr ibution at smal l angles 1? in the considered a p -
proximation is close to that obtained for two neutrons

С]

(D(ft)oc YQ 20)

a n d t h e h a l f - w i d t h of t h e d i s t r i b u t i o n c o r r e s p o n d s t o

Ad- = 2 V3e o /Q o r Ad ~ l / V Q ( M e V ) .

T h e C o u l o m b i n t e r a c t i o n b e t w e e n t h e e m i t t e d p r o -

t o n s b r o a d e n s t h e a n g u l a r d i s t r i b u t i o n a p p r e c i a b l y ;

the distr ibution function Ф (1?) h e r e depends on у as
follows: [ 2 2 ]

Y(MeV) = 0 1 2 3 4 5,

= 1 0.82 0.59 0.40 0.34 0.31,

s o t h a t w e h a v e f o r t h e h a l f - w i d t h Ad ~ 2 V 3 / Q ( M e V ) .

T h e p r e s e n c e o f a c e n t r i f u g a l b a r r i e r s h o u l d , a s a

r u l e , s t r e n g t h e n t h e a n g u l a r c o r r e l a t i o n o f p r o t o n s i n

2 p d e c a y . I f d e p a i r i n g o c c u r s o n l y a t t h e o u t s i d e b a r -

r i e r e d g e R m a x ( f ° r r o > R m a x ) w e h a v e t h e a n g u l a r

d i s t r i b u t i o n h a l f - w i d t h Ad « V e o / Q .

I n t h e c a s e o f G e 5 8 d e c a y ( Q - 1 . 1 M e V ) , w h i c h h a s

a l r e a d y b e e n c i t e d a s a n i l l u s t r a t i o n , t h e c e n t r i f u g a l

b a r r i e r p r a c t i c a l l y c o n v e r t s t h e i s o t r o p i c a n g u l a r d i s -

t r i b u t i o n i n t o t h e c h a r a c t e r i s t i c p a t t e r n o f t w o p r o t o n s

e m i t t e d i n a l m o s t t h e s a m e d i r e c t i o n f o r m i n g a m e a n

a n g l e Ad ~ 0 . 2 5 .

4 . P O S S I B L E T W O - P R O T O N R A D I O A C T I V E N U C L E I

B e f o r e p r o c e e d i n g t o e n u m e r a t e t h e p o s s i b l e

2 p - r a d i o a c t i v e n u c l e i i t w i l l b e u s e f u l t o c o n s i d e r t h e

d i f f e r e n t d e c a y m o d e s , w h i c h a r e r e p r e s e n t e d s c h e -

m a t i c a l l y i n F i g . 3 .

T h e s i m p l e s t m o d e (I) i s Q o d d > 0> Q e v e n < 0 ,

Q 2 p > 0, w h e r e t h e i n i t i a l e v e n - Z n u c l e u s i s c o m p l e t e l y

Examples.'

Fe

2/n 2/П+2 2m+7 2m 2/n+2 2m+7 2m

F I G . 3. Different modes of proton pair e m i s s i o n .
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s table against one-proton emiss ion:

or

where Г = F e v e n + r o d d , and r e v e n and r o d d a r e the
respect ive widths of the initial even-Z nucleus and the
odd-Z daughter nucleus . In this c a s e we obviously
have the inequalit ies

£pair><?odd > \ E pai r > Seven > 0 and £ p a i r > Q > 0.

We now fix the decay energy Q o d d of the odd daughter
nucleus and elevate the energy Q of two-proton decay.

The next mode, that of Be6, is subject to the addi -
tional condition B e v e n < Г/2 (where Г < E p a i r is a s -
sumed) and to the inequalit ies

• > <?odd > Epair — -=- , . > Qzp > Qodd o~ '

H e r e , d e s p i t e t h e e n e r g y i n s t a b i l i t y of t h e i n i t i a l

n u c l e u s w i t h r e s p e c t t o o n e - p r o t o n d e c a y , t h e o v e r -

l a p p i n g o f l e v e l s p e r m i t s b o t h t w o - p r o t o n d e c a y a n d

t h e s u c c e s s i v e e m i s s i o n of t w o p r o t o n s . T o e s t i m a t e

t h e d e c a y r a t e w e c a n t a k e a s t h e e f f e c t i v e o n e - p r o t o n

d e c a y e n e r g y o f t h e i n i t i a l e v e n n u c l e u s

/even eff. —

T h i s d e c a y m o d e h a s t h e h i g h e s t p r o b a b i l i t y f o r t h e

l i g h t e s t n u c l e i p o s s e s s i n g 2 p i n s t a b i l i t y , b e c a u s e t h e

c o r r e s p o n d i n g d a u g h t e r n u c l e i a r e c h a r a c t e r i z e d b y

t h e g r e a t e s t w i d t h s f o r t h e e m i s s i o n of a n " o d d " p r o -

t o n .

T h e t h i r d a n d l a s t m o d e ( I I I ) o f t w o - p r o t o n d e c a y i s

c h a r a c t e r i z e d b y t h e c o n d i t i o n s

• 0, <?even > 0, <?2p > 0, (2 Of)

i . e . , by e n e r g e t i c i n s t a b i l i t y of t h e i n i t i a l n u c l e u s w i t h

r e s p e c t t o n o t o n l y t w o - p r o t o n d e c a y , but a l s o p r o t o n

d e c a y fo l lowed by p r o t o n e m i s s i o n f r o m t h e odd

d a u g h t e r n u c l i d e .

H o w e v e r , s i n c e t h e e n e r g y of t h e s e c o n d d e c a y

e v e n t Q o d d = Q e V e n + E p a i r g r e a t l y e x c e e d s t h e e n e r g y

Q e v e n °f t h e p r i m a r y t r a n s f o r m a t i o n , o n e - p r o t o n

e m i s s i o n f r o m a n e v e n - Z n u c l e u s f o l l o w e d by t h e

e m i s s i o n of a s e c o n d p r o t o n w i l l o f t e n be e x p o n e n -

t i a l l y s m a l l e r t h a n d i r e c t t w o - p r o t o n d e c a y w i t h

Q = 2 Q e v e n + E p a j r . T h e r e f o r e t h i s m o d e of 2p r a d i o -

a c t i v i t y , w h i c h i s e s p e c i a l l y c h a r a c t e r i s t i c of h e a v i e r

n u c l e i a n d i s t h e o n l y m o d e p o s s i b l e f o r Z > 50, ^ i s

a s s o c i a t e d w i t h v a l u e s of Q t h a t e x c e e d t h e p r o t o n

p a i r i n g e n e r g y .

F o r s u f f i c i e n t l y l a r g e v a l u e s of Q o dd> o n t h e o t h e r

h a n d , t h e d o m i n a n t m o d e i s t h e s u c c e s s i v e e m i s s i o n

of t w o p r o t o n s ( m o d e IV in F i g . 3 ) . It i s i n t e r e s t i n g

t h a t t h i s m o d e , w h i c h s e e m s a t f i r s t g l a n c e t o b e t h e

m o s t natura l and most widely occurr ing mode, be-
comes a very r a r e exception as a r e s u l t of the r e -
q u i r e m e n t т > 10~12 s e c . For even Z > 50, a decay is
energet ical ly poss ible in addition to two-proton decay

or two success ive proton decays . For odd Z > 50 this
decay mode competes only with one-proton decay
(neglecting the slower /3+ decay). However, as has
recent ly been shown in^23^1, p decay should dominate
in many ins tances .

In o r d e r to de termine which one of the three
enumerated decay modes involving the emiss ion of
heavy charged p a r t i c l e s is the pr incipal mode for
even nuclides, we must make use of Fig. 4 (see the
caption).

It must a lso be r e m e m b e r e d that the p r e s e n c e of
both the centrifugal and Coulomb b a r r i e r s s u p p r e s s e s
mainly one-proton decay and should thus favor a and
2p decays . An i l lustrat ion is provided by the curves
in Fig. 4 for Z = 60 and I = 4 (proton emiss ion from
the g shel l) .

How can two-proton radioact ive decay be d i s t in-
guished from two success ive p-decay events in future
exper iments ? The conventional method of delayed
coincidences is h e r e often ineffectual because of the
e x t r e m e rapidity with which the emiss ion of the second
proton follows the f i rs t (to т ~ 10"19—1O~20 sec) . How-
ever, the energy and angular c h a r a c t e r i s t i c s of the
emitted protons a r e completely re l iab le c r i t e r i a .
Instead of two proton l ines with the energies Q e v e n

and Q o d d belonging to success ive p decays the most
probable proton energy in 2p decay will be Q/2 = 1/2 x
(Qeven + Qodd)! the previously d i scussed energy and

FIG. 4. Relations between the energies Qaof a decay, Q2 of
two-proton decay, and Qp of proton decay for different values of
Z (shown at the end of each curve), corresponding to equality of
the three decay rates for a pure Coulomb barrier, and for the
special case / = 4 (Z = 60) when a centrifugal barrier is also
present for single protons. In the larger figure the upper curves
relate Qaand Qp, while the lower curves relate Q 2 p and Qp. The
smaller graph at the right gives the relation between Qaand Q 2 p .
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TO 20 JO 40 SO SO 7O Z 80
С 0 He Mg Si 5 Ar Си Ti Cr H Ni Zn Ge Se Kr Sr Zr Mo Ru Pi Ci Sn Те Xe Ba Ce Hi Sm 6d Iy Er УЬ Hf W OS H HJ Pb

FIG. 5. Two-proton decay energies of neutron-deficient isotopes of even elements from oxygen to osmium (Z = 8—76). The
sources of the energy values are indicated as follows: * — L9'l0J, x — L14J, л— La4J, and ° — L2SJ. The four calculated curves cor-
respond to the partial lifetimes т 2 р = 10"", 10"12, 102, and 10" sec for a pure Coulomb barrier. The mass numbers of the nuclei
that are unstable with respect to one-proton decay are given in parentheses. The symbol a denotes possible strong competition
with a decay.

a n g u l a r c o r r e l a t i o n s of t h e t w o p r o t o n s s h o u l d a l s o b e
o b s e r v e d . We now t u r n t o a s p e c i f i c e n u m e r a t i o n of
t h e p o s s i b l e 2 p - r a d i o a c t i v e n u c l e i . We t a k e a s t h e
l o w e r l i f e t i m e l i m i t f o r d e t e r m i n i n g r a d i o a c t i v i t y
т = 10~12 s e c . The upper l imit is given by the c o m p e -
tition with |S+ decay. For all neutron-deficient nuclei
with Z > N superal lowed /3+ decay is possible, l imiting
the overal l half-lives to ~ 0.1—0.01 sec (decreasing as
Z i n c r e a s e s ) . Therefore , as the upper l imit of the
observed lifetime with r e s p e c t to 2p decay for Z > N
we can take т » 102 s e c . When superal lowed /3+ decay
is imposs ible (for Z < N) this l imit can be r a i s e d to
~ 104 s e c .

For al l two-proton radioact ive nuclei up to tin we
have Z > N and superal lowed /3+ decay is poss ib le .
Therefore we cannot hope h e r e for the exis tence of 2p
radioact ive nuclei with l ifetimes exceeding tens or
hundreds of mi l l i seconds .

In the region of e lements heavier than tin s u p e r -
allowed fi* decay should not occur in 2p-radioact ive
nuclei with Z £ N, and l ifetimes of tens or hundreds
of seconds a r e poss ib le . In accordance with the fo re -
going, Fig . 5, which s u m m a r i z e s the possible two-
proton radioact ive nuclei, shows curves corresponding
to 104, 102, 10~12, and even 10"18 sec par t i a l l ifet imes
with r e spec t to 2p decay (for a pure Coulomb b a r r i e r ,
i .e . , for the effective 2p-decay energy Q ra the r than

Q — e0 and for 10 22 sec a s the factor before the ex-
ponential). The two-proton decay energies were taken
from our own work in'-9'10-', J anecke ' s ar t ic le , 1 4 -^ and
the m a s s tables of Cameron1-24^ and Seeger.^25^ The
calculations seem to be most accura te when the
method proposed in'-9'10^ can be used to de termine the
proton binding energy in a neutron-deficient nucleus.

A d i rec t consequence of isotopic invariance is the
following s imple formula19"11^ re la t ing the binding
energy Bp of the Z-th proton in a nucleus z ^ N a n d
the binding energy Вд of the Z-th neutron in the m i r -

r o r nucleus to the difference ДВ 0 between the
neutron and proton binding energies in the isotopically
self-conjugate nucleus containing Z neutrons and Z
protons:

= Bn (NMi) - Bp

= Bn (zMf)- = AB0 (21)

Thus the difference ДВщ, is determined completely by
Z, being a lmost ent ire ly independent of N:

z — 1

1.2- MeV. (22)
(2Z—lfi*

We shall now i l lus t ra te the accuracy of the p r e d i c -
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tions based on Eq. (21) with only two examples. The
tables i n [ 2 6 ] give a mass defect 8.28 MeV (on the C1 2

scale) for Na2 0. The application of (21) to data already
known regarding the nucleon binding energies in F 2 0 ,
Ne2 1, and O1 9 (as discussed more thoroughly in1-8^)
indicates that this value is too high by 1.4—1.5 MeV
and that the mass defect of Na2 0 is 6.78—6.88 MeV.
A recent experiment yielded 6.83 ± 0.06 MeV.'-27-'

The neutron binding energy in Li9 is 4.054 MeV'-28-'
and Д В 0 (С1 2) = 2.765 MeV. We there fore obtain
Bp (C9) = 1.29 MeV, and 28.92 MeV for the m a s s
defect of C 9 compared with the exper imenta l value
28.95 ± 0.15 M e V . [ 2 9 ]

On the bas is of (21) and cer ta in data for light n e u -
t r o n - r i c h nuclei we can examine m o r e thoroughly the
isotopes O 1 2, N e 1 6 , and Mg 1 9, which may be 2p-unstable
according to Zel 'dovich. L s ^ Janecke'- 1 4 ^ gives the
2p-decay energy of O 1 2 a s Q ^ 0.15 MeV, which would
correspond to 2p radioact ivi ty and not simply to in-
stabil ity (Fig. 5). However, let us consider Be 1 2 .
F r o m considerat ions given in'-30-' based on the s y s t e -
mat ics of neutron pair ing energy this energy should
lie between the l imits 1.5 MeV ( E p a j r for B13) and
5.15 MeV (for B 1 0), i .e., Вд (Be1 2) = 2—5.65 MeV.
Since Д В 0 (О16) = 3.54 MeV, we obtain Bp (O12)
~ (-1.5)—2.1 MeV. Similarly, knowing Вд (Be1 1)
= - 0 . 5 MeV and ДВ 0 (N14) = 3 MeV, we obtain Bp (N11)
= — 2.5 MeV. Therefore the 2p-decay energy of O 1 2

c lear ly exceeds 0.4 MeV. Using the experimental'- 3 1-'
fi~ decay energy of B 1 2 (11.7 MeV), we obtain
Q = 2.9 MeV for the 2p-decay energy of O 1 2 . Since the
ground s ta te of N 1 1 is very broad, the c a s e of O 1 2 is
s imi la r to that of Be 6 .

A s i m i l a r but m o r e definite conclusion is reached
for N e 1 6 . In its m i r r o r nucleus C 1 8 we have the neu-
tron binding energy B n = 4.25 M e V , [ 3 1 ] so that Bp (Ne1 6)
= 0.2 MeV. The F 1 6 nucleus is highly unstable and
must be c h a r a c t e r i z e d by a very broad ground level:
Q o d d = 2.3 MeV. Finally, Q 2 p (Ne1 6) « 2.1 MeV, which
c o r r e s p o n d s to a l ifetime l e s s than 10~18 s e c .

We must h e r e mention r e c e n t exper imental
on the possibi l i ty of N e 1 6 production through the t r a n s -
fer of four neutrons when nickel is bombarded with
150-MeV N e 2 0 ions.

The hypothetical N e 1 6 ions were col l imated by the
magnetic field of a cyclotron and s t ruck an emulsion
which could have r e g i s t e r e d the success ive emiss ion
of two p r o t o n s . Not a single instance of such emiss ion
was observed. The authors of ^ therefore concluded
that the l ifetime of N e 1 6 is s h o r t e r than 10"8 sec, or
that if i t s l i fetime is longer the c r o s s sect ion for N e 1 6

production is s m a l l e r than 1.8 x Ю" 3 0 c m 2 .

Mg 1 9 is proton-s tab le if B n (N19) > 4.8 MeV and is
two-proton stable if B n (N19) > 6.3 MeV because

Qodd < N a 1 8 ) - 1 - 5 M e V -
By extrapolat ing the binding energy of the 12th neu-

t r o n in the s e r i e s

Mg21

16.6

Na2 3

12.4

Ne22

10.4

p21

8.1

O2»

7.6Bn (MeV)

we a r e led to the conclusion only that Mg 1 9 is p-stable,
while leaving open the question of its 2p instability
or 2p radioact iv i ty . Since the neutron pair ing energy
in N 1 9 should be s m a l l e r than in O 2 0 (3.6 MeV) and
N 1 7 (3.37 MeV) and for the neutron binding energy in

1 [ ]
N 1 8 we have Вд (N18) = 2.84 ± 0.4 MeV,

g
, [ 3 2 ] iit follows

that B n (N19) < 6.2 ± 0.4 MeV. Therefore Mg 1 9 appears
to be actually 2p unstable and may even be 2p r a d i o -
act ive.

Si 2 3, the next isotope shown in Fig. 5, is highly 2p
unstable according to'- 1 4-'. Using (21), we easi ly obtain
the binding energ ies of proton p a i r s in the heavier
sil icon isotopes:

Si2 3 Si24 Si25 Si26

Вгр (MeV) = 3.4 5.5 7.7.

The extrapolation of the values of B2p to Si 2 3 r a i s e s
doubts about the 2p instability of this isotope, e s p e c -
ially because of the la rge value Q = 2 MeV that is
shown in Fig. 5.

We shall not d i scuss other examples in the s a m e
detail, but note only that the data in the general ly u s e -
ful tables of Cameron and of Seeger a r e s o m e t i m e s
c lear ly i n c o r r e c t . For example, the m a s s defects of
Ga 3 7 , Ga 3 8 , and Ti 4 1 a r e too smal l by m o r e than 2 MeV,
and the m a s s defect of As 6 6 is too high by about the
s a m e amount. The corresponding predict ions in Fig. 5
a r e there fore only rough approximat ions .

We note, fu r thermore , that the total number of
2p-radioactive nuclei may be g r e a t e r than 60, of which
about half a r e in the region Z > 50, with 2p-decay
energies exceeding the pair ing energy and with life-
t i m e s that have no upper l imit imposed by super allowed
/3+ decay.

The most p r a c t i c a l method of producing 2p-radio-
active nuclei makes use of reac t ions involving mul t i-
ply-charged heavy ions, such as Ca 4 0 (Ca 4 0 , 4n), Z r 7 6

or N i 5 8 (Ni 5 8, 4n), Ba 1 1 2 . In some ins tances it may be
convenient to use (He3, xn) or (p, yn) r e a c t i o n s .

The util ization of heavy ions has a l ready led to the
discovery of delayed proton emiss ion and to the s u c -
cessful investigation of this effect. We there fore ex-
pect that the discovery and study of two-proton
radioactivi ty will take place in the not too dis tant
future.

In addition to the investigation of the levels and
s izes of neutron-deficient nuclei accompanying the
study of proton radioactivity (which a r e important for
the collective model of the nucleus), the investigation
of two-proton radioactivi ty provides very definite
possibi l i t ies for studying the shape of the potential
b a r r i e r around nuclei, proton pair ing below the b a r -
r i e r , and new nuclear phenomena re la ted to those
observed in the study of superconductivity. For these
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r e a s o n s two-proton radioactivi ty has aroused wide in-

t e r e s t and will be s e a r c h e d for by l a b o r a t o r i e s in

different countr ie s .
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